Abstract Nano alumina-supported V 2 O 5 catalysts with different loadings have been tested for the dehydrogenation of ethylbenzene with CO 2 as an oxidant. High surface area nano-alumina was prepared and used as support for V 2 O 5 as the catalyst. The catalysts were synthesized by impregnation techniques followed by calcinations and microwave treatment, denoted as V 2 O 5 /c-Al 2 O 3 -C and V 2 O 5 /c-Al 2 O 3 -MW, respectively. The V 2 O 5 loading was varied on nano-alumina from 5 to 30 wt%. The support and catalysts were characterized by X-ray diffraction (XRD), BarettJoyner-Halenda (BJH) pore-size distribution, N 2 -adsorption isotherms, Fourier transform infrared (FT-IR), scanning electron microscopy (SEM), transmission electron microscopy (TEM) and temperature programed desorption (TPD-NH 3 ). The characterization results indicated that V 2 O 5 is highly dispersed on alumina up to 30%-V 2 O 5 /c-Al 2 O 3 -MW prepared by MW method. The TPD studies indicated that there are significant differences in acid amount and strength for V 2 O 5 /cAl 2 O 3 -C and V 2 O 5 /c-Al 2 O 3 -MW-catalysts. The catalytic activity of the prepared catalysts was evaluated in the temperature range 450-600°C in relation to the physicochemical properties and surface acidity. The results revealed that optimum catalytic activity and selectivity ($100%) toward styrene production were obtained using 10% V 2 O 5 /c-Al 2 O 3 -MW catalyst treated with microwave. 
Introduction
The dehydrogenation of alkylbenzenes is a commercial process used for the production of alkenylbenzenes monomers such as divinylbenzene and styrene. The catalytic dehydrogenation of ethylbenzene to produce styrene, as a representative process, is performed in industry over promoted iron oxide catalyst in the presence of a large quantity of steam, at high tempera-ture of 600-700°C [1] [2] [3] [4] . Since the process is equilibrium -limited and energy intensive, there is a great interest, recently, for the development of an alternative methodology. Thus, the use of CO 2 , as a soft oxidant, in the selective catalytic oxydehydrogenation of ethylbenzene has been widely investigated [5] [6] [7] [8] . The process should be energy saving and environmentally friendly in respect of utilization of CO 2 which is one of the greenhouse gases causing global warning, and the energy required is much lower [8] . In addition, CO 2 can decrease the partial pressure of reactants more effectively than steam and it has highest heat capacity among various typical gases (9, 10) . Further, in the presence of CO 2 , coupling between reverse water gas shift (CO 2 + H 2 M CO + H 2 O) and dehydrogenation reaction becomes more favorable [4, [10] [11] [12] .
Several catalysts exhibited high catalytic activity for the dehydrogenation of ethyl benzene in presence of CO 2 [6] [7] [8] [9] [13] [14] [15] [16] . Among these catalysts, vanadia supported on alumina (VO x /Al 2 O 3 ) catalysts, were more stable and exhibited better performance for oxidehydrogenation of ethyl benzene with CO 2 [8, [13] [14] [15] [16] [17] .
On the other hand, it is well known that the physical and chemical properties of support have an important effect on catalytic activity [18, 19] . Thus, high specific surface area helps the active component of catalysts to disperse well and is extremely beneficial in improving catalytic activity. In this respect, nano alumina particles with the features of large specific surface and high reactive activity are used as carriers for petroleum cracking catalysts [20] . The crystal phase, specific surface area, pore distribution and other physical-chemical properties of nano-alumina particles specific to the needs of catalytic reactions can be obtained by changing the preparation conditions of nano-alumina particles [21] .
Herein, we report the preparation of nano alumina by two methods, conventional and microwave method. The prepared nano-alumina was used as support for V 2 O 5 catalysts. The performance of prepared catalysts is discussed from different faces.
Materials and methods

Material preparation
Aluminum nitrate (Al(NO 3 ) 3 AE9H 2 O, 95%; Merck), sodium carbonate (Na 2 CO 3 , 98%; Merck) and deionized water were used as starting chemicals. Al(NO 3 ) 3 AE9H 2 O (25 g, 0.066 M) solution and Na 2 CO 3 (10.38 g, 0.125 M) solution were dissolved in 600 mL of deionized water, separately. Then Na 2 CO 3 and Al(NO 3 ) 3 AE9H 2 O solutions (from two separate burettes) were added drop by drop into a 2-L capacity round-bottom flask containing 60 mL of ethylene glycol dissolved in 400 mL of deionized water under stirring to precipitate Al 3+ cations as hydroxides form. The pH of the solution was adjusted in the range of 7.5-9 using HNO 3 and/or NaOH (Merck, GR). The precipitate was aged at 70°C for 3 h, filtered off and washed several times with water/ethanol (70/30; wt/wt) until solution free Na and NO 3 ions are obtained. The white precipitate was dried at 100°C overnight and calcined in a programmable furnace at 550°C with heating rate of 2°C min À1 for 5 h in air to produce c-Al 2 O 3 powder [22] .
A series of 5-30%VO x @Al 2 O 3 catalysts were prepared from solutions of ammonium metavanadate (NH 4 VO 3 ; Merck, >99%) and oxalic acid (Alfa Products, UK). Thus, the obtained mixture was divided into two equal parts [5, 6, 27] 
Characterization methods
X-ray diffractograms were obtained on a XPERT X-ray diffractometer, operating with CuKa radiation (k = 0.1542 nm) and X-ray radiation (X-ray generator current and voltage set at 40 mA and 45 kV). The diffractograms were recorded in the 2h range of 4-80°with a 2h step size of 0.01°and a step time of 10 s.
Fourier transform infrared spectroscopy (FTIR) measurements were performed using Nicolet IS-10 FTIR over the wave number 4000-400 cm À1 . Nitrogen adsorption and desorption isotherms were measured at À196°C on a NOVA 3200 system (USA). The samples were out gassed for 3 h at 300°C under vacuum in the degas port of the adsorption analyzer. The specific surface area was calculated using the Brunauer-Emmett-Teller (BET) model. The pore size distributions were obtained from the desorption branch of the nitrogen isotherms by the BarrettJoyner-Halenda (BJH) method.
Thermal stability was carried out in TA Instruments SDTQ 600 simultaneous TGA-DSC thermogravimetric analyzer. The analyses were conducted for a total sample mass of 10.0 ± 0.2 mg. The samples were heated under nitrogen flow (100 ml min À1 ) from 50 to 750°C, at 20°C min
À1
. Transmission electron microscopy (TEM) images were recorded on a JEOL 2011 microscope (Japan) operated at 200 kV. Before TEM characterization, the samples were dispersed in ethanol. The suspensions of the samples were dropped on a holey carbon coated copper grid.
Scanning electron microscopy (SEM) pictures were determined on a JEOL JSM-6700F field emission scanning electron microscope.
Temperature programed desorption of ammonia (NH 3 -TPD) was measured on a CHEMBET 3000 chemical absorber (Quantachrom). Before measurements, the samples were firstly activated at 500°C for 1 h under helium atmosphere. After the temperature cooled down to 100°C, the samples were swept by ammonia for 1.5 h, then the gas was switched into helium to remove the physically adsorbed ammonia molecules, until the baseline was flat. After this, the temperature was increased to 500°C with a ramping rate of 10°C/min to obtain the NH 3 -TPD curves.
Catalytic activity evaluation
The catalytic activity for vapor phase ODH of EB was investigated in a down flow fixed-bed stainless steel micro reactor. For each run, 2 g of sample was loaded in the reactor with 2 g of glass beads. The reactor was heated to 600°C at a rate of 10°C/min in the flow of N 2 gas (20 mL/min) and kept at this temperature for 2 h then N 2 was replaced with CO 2 gas (20 mL/min). The catalyst pretreatment was continued at 600°C for 1 h with CO 2 (20 mL/min) before conducting the reaction. The EB was passed through the preheating zone of the reactor using liquid feed pump (Gilson 307) with a constant feed rate of 1.0 ml/h. Gaseous and liquid products were analyzed simultaneously by gas chromatography (agilent 7890) equipped with TCD and FID. For analysis of liquid products, HP 5 capillary column (30 m, 0.32mmi.d. and 0.25 lm film thickness) was employed and for gaseous products Porapak Q 80/100 column (6 ft · 1/8 in.) was used. The main gaseous products detected were hydrogen, ethylene, methane, carbon monoxide and carbon dioxide. The main liquid products detected were Styrene, ethylbenzene, benzene and toluene.
Results and discussions
Physico-chemical characterization
FTIR spectra of all vanadium oxide loaded alumina are shown in Fig. 1 . In nano alumina, the vibrations of Al-OH and Al-O bonds are observed at a range of 3000-3600 cm À1 and $1632 corresponding to the stretching and bending vibration of hydrogen bonding OH groups, respectively [21] . The presence of bands in the region 2900-3600 cm À1 is related to lattice surface hydroxyl groups and may have resulted from the presence of moisture in the powder or KBr.
The stretching vibrations at $1560 cm À1 are related to Al-OH bond. The weak bands between 1100 and 1200 cm À1 are related to Al-O [23] . The alumina band intensity at $1100 cm À1 is diminished and moved toward red shift upon increasing V 2 O 5 ratio. The red shift can result from increasing V 2 O 5 particle size and consumption of alumina free OHgroups. The bands at $500-800 cm À1 are characteristic of V-O-V vibrations, which are more pronounced in samples prepared by microwave than traditional method. These bands do not closely match those of crystalline V 2 O 5 (which possesses sharp bands at 994, 702, 527 and 404 cm Àl ), but the somewhat similar band positions suggest the structures of hydrated surface vanadium oxide on alumina and V 2 O 5 [24] . Finally, a new band at 970 cm À1 appeared for microwave prepared sample due to molecular V‚O supported alumina and its intensity increases with increasing vanadium loading.
Figs. 2 and 3 show the nitrogen physisorption measurements of prepared materials and the textural properties data are collected in Table 1 . Alumina-free replicas show Type IV isotherms with a pronounced condensation step in the relative pressure (P/P 0 ) range of $0.1-0.2, indicating narrow-sized mesopores [23] . The N 2 -uptake of the adsorption isotherms at P/P 0 > 0.8 is associated with a second capillary condensation of nitrogen due to large voids between the particles. The presence of a hysteresis loop between the adsorption and desorption branches of meso-alumina indicates tubular pore structure or interconnected pores. After the introduction of V 2 O 5 , the type-IV isotherms with an H1-Type hysteresis loop are still observed. However, a decrease in the value of surface area and pore volume was observed with increasing vanadium ratio. This is in accordance with the literature report [23, 25] . The pore size distribution of prepared materials is shown in Figs. 2 and 3 . It is clear that the pore width is shifted toward a lower value depending on the percent of V 2 O 5 . Nevertheless, pore sizes of all catalysts are still in a mesoporous scale demonstrating that there are no diffusion limitations during adsorption and catalysis because the molecular dimension of ethylbenzene is much smaller (6.1 Å ) than the catalyst pore sizes ($37 Å ) [13] .
To confirm the presence of vanadium oxide nanoparticles in the pores of the alumina substrate, the normalized S BET values were calculated using an equation proposed by Vradman et al. [26] .
NS BET ¼ S BET of the catalyst ð1 À yÞ Â S BET of the support where NS BET is normalized S BET and y is the weight fraction of the active phases. The values of normalized NS BET are also compiled in Table 1 . These normalized surface areas of vanadium oxide catalyst value was <1 and \\1 for catalysts prepared by microwave and calcination methods, respectively. This value indicated some blocking of the support pores with vanadium oxide particles. The NS BET values of the catalysts followed the order: MW1 > C1 > MW2 > MW3 > C2 > MW4 > C4 > C3. Also, one can conclude that in the samples prepared with microwave method materials, the vanadium oxide species were located on a low proportion in the internal support surface (pores) and high proportion in the external surface area (NSBET %0.5), contrary to this, the supported vanadium oxide catalysts prepared with traditional method materials were located mainly blocking the pores (NSBET = 0.16).
XRD patterns of all V 2 O 5 /alumina are shown in Fig. 4 . Li et al., [27] reported the reflections consistent with the layered structure of hydrated V 2 O 5 at 2h = 9.1, 18.3, 27.7, 37.2, and 46.0°are assigned to (0 0 1), (0 0 2), (0 0 3), (0 0 4), and (0 0 5) lattice planes, respectively. XRD shows absence of all previous peaks except 30%-VOx/Al 2 O 3 -C. In addition, XRD patterns of low loaded vanadium catalysts (<30%) present only peaks due to alumina. The highest loaded vanadium catalysts (30% w/w), a weak peak is detected at 27°that could be ascribed to vanadate-like species [28] . The low intensity of this peak and the absence of new crystalline phases associated with vanadium can be explained either by the low concentration of such vanadate species or/and by assuming that they are dispersed on the catalyst surface.
Ammonia adsorption-desorption technique usually enables the determination of the amount and strength of acid sites present on the catalyst surface together with total acidity. The NH 3 -TPD profiles of the catalysts with different V 2 O 5 loadings in nano-alumina are shown in Fig. 5 and the data are presented in Table 1 . Peri et al. reported that c-alumina shows three types of OH groups [29] ; (1) It can be seen that both acid amount and strength of V 2 O 5 decrease with increasing V 2 O 5 loadings up to 30%. Possibly, this behavior may be due to the coverage walls of the support by a high V 2 O 5 loading of 30% that prevents adsorption in addition to partial blockage of channels of alumina by the small agglomerates of V 2 O 5 that prevent accessibility for adsorption of ammonia on the active sites [30] . The high acidity of VOx/Al 2 O 3 -MW may be explained using schematics of Kim et al. [31] . This reveals that the bidentate is the most easily ionized hydroxyl group among the three monomers. The FTIR data also suggest a presence of V‚O for materials prepared with the microwave technique. The structure of the molecular monomer (Scheme 1) has two more hydrogen atoms on each of the V-O-Al bridges than the bidentate. 
Catalytic activity
The dehydrogenation of EB was performed at a temperature range from 450 to 600°C using CO 2 as a mild oxidant in the vapor phase at normal atmospheric pressure over the nano alumina-supported vanadium oxide catalyst.
Among all catalysts examined, the catalysts prepared and treated with MW showed a better catalytic activity in terms of conversion and product selectivity. The observed better activity could be attributed to a high specific surface area (less effect of coke formed on support surface) (Table 1) , high metal dispersion, better redox nature and profound acid-base properties of the catalyst. In addition, the deactivation of active site Scheme 1 Schematics of the three unique vanadyl species on alumina characterized by DFT and species-selective Raman spectoscopy [22] . The hydrogen attached to the oxygen not bound to aluminum in the ''molecular'' species is omitted for clarity.
or mechanism of dehydrogenation on carbon deposits is still complicated [33] . TGA analysis (Table 2) shows the amount of carbon deposit on different catalysts. The MW samples show high amount of carbon than other samples, indicating large coke deposits. Makkee et al. have reported that carbon deposits the catalyzed ethylbenzene dehydrogenation reaction, specially, in the absence of molecular oxygen, which is believed to be oxygen-surface groups like quinones and hydroxyls [34] . Indeed, the low activity of C-catalysts may result from coke formed during reaction, which reduces the activity due to a loss in the available surface area.
The effect of vanadium loading alumina is shown in Figs. 8  and 9 . The catalytic activity of the vanadium oxide/alumina catalysts is strongly dependent on the vanadium loading and the metal oxide support [5, [35] [36] [37] [38] . EB conversion initially increases with the increase of vanadium content from 5% to 10% and decreases with further vanadium loading. The highest activity for EB dehydrogenation was achieved on the catalyst with a vanadium content of 10%, which has high surface area and large pore size in comparison with other high loadings ( Table 1 ). The pore size of V 2 O 5 /c-Al 2 O 3 -MW is larger than V 2 O 5 /c-Al 2 O 3 -C. Consequently, the transport of products from the pore system and the access to catalytically active sites often play an important role in some diffusion controlled reactions [23, 38] . In addition, the high activity of this catalyst could be attributed to the better dispersion of the supported V +5 component. The 10%V/alumina catalyst gives an 85.19% conversion of EB with 99.99% selectivity for styrene after 1.0 h on stream. The redox behavior of vanadium oxide plays a key role in EB dehydrogenation with CO 2 over the vanadium oxide-based catalysts, and the effective redox cycle of V occurs only between V 5+ and V 4+ . In this cycle styrene formation from EB in the reduction step on V 5+ containing active site produces a reduced V-site with oxygen vacancy, which is then reoxidized by CO 2 . A vanadium component of the catalyst in the steady state practically tends to keep the high oxidation state in the CO 2 -EBD reaction [36, 39] .
When the vanadium loading increased to more than 10% the reduction of V +5 species became more difficult due to the formation of multilayer polymeric V 2 O 5 species and bulk V 2 O 5 over catalyst surface [23, 38] . This is seen from the images of Fig. 5 . Therefore, the good performance of the catalyst could be related to the mono-dispersion of the isolated and polymeric vanadium oxide species associated with 10% loading, and the synergistic action of alumina and vanadium [23, 38, 40] . The catalytic activity of the 10%V/alumina Cal. is obviously lower than that of 10%V/alumina MW as shown in Fig. 10 . The 10%V/alumina MW catalyst gives a 85.19% EB conversion after reaction for 1.0 h, however 10%V/alumina Cal. catalyst gives a 76.03% EB conversion after reaction for 1.0 h. This finding suggests that, with a similar V content, V/alumina MW is superior than V/alumina Cal as a catalyst.
FTIR shows the bidentate vanadium structure is found in samples prepared by microwave due to surface hydroxyl groups bound to the vanadium. Kim et al. have reported that the bidentate structure is more active than the other structures due to the fact that it is less stable by 15 kcal/mol at 550°C [41] . These calculated results are also consistent with the Temp.
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Selectivity Figure 10 The effect of temperature on ethylbenzene conversion and styrene selectivity (a) catalyst 10% V/alumina MW treated (b) catalyst 10% V/alumina Cal. treated.
observed experimental ordering. The reaction barriers show that the molecular structure would be expected to have high activity for bidentate structures.
Conclusions
A series of vanadium-alumina catalysts (5-30 wt%.) were prepared by the solution impregnation method followed by calcinations and microwave treatment. 
